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Summary
Background Epidemiological evidence on short-term association between ambient carbon monoxide (CO) and 
mortality is inconclusive and limited to single cities, regions, or countries. Generalisation of results from previous 
studies is hindered by potential publication bias and different modelling approaches. We therefore assessed the 
association between short-term exposure to ambient CO and daily mortality in a multicity, multicountry setting.
Methods We collected daily data on air pollution, meteorology, and total mortality from 337 cities in 18 countries or 
regions, covering various periods from 1979 to 2016. All included cities had at least 2 years of both CO and mortality 
data. We estimated city-specific associations using confounder-adjusted generalised additive models with a quasi-
Poisson distribution, and then pooled the estimates, accounting for their statistical uncertainty, using a random-
effects multilevel meta-analytical model. We also assessed the overall shape of the exposure–response curve and 
evaluated the possibility of a threshold below which health is not affected.
Findings Overall, a 1 mg/m³ increase in the average CO concentration of the previous day was associated with a 0·91% 
(95% CI 0·32–1·50) increase in daily total mortality. The pooled exposure–response curve showed a continuously 
elevated mortality risk with increasing CO concentrations, suggesting no threshold. The exposure–response curve 
was steeper at daily CO levels lower than 1 mg/m³, indicating greater risk of mortality per increment in CO exposure, 
and persisted at daily concentrations as low as 0·6 mg/m³ or less. The association remained similar after adjustment 
for ozone but was attenuated after adjustment for particulate matter or sulphur dioxide, or even reduced to null after 
adjustment for nitrogen dioxide.
Interpretation This international study is by far the largest epidemiological investigation on short-term CO-related 
mortality. We found significant associations between ambient CO and daily mortality, even at levels well below 
current air quality guidelines. Further studies are warranted to disentangle its independent effect from other 
traffic-related pollutants.
Funding EU Horizon 2020, UK Medical Research Council, and Natural Environment Research Council.
Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.
Introduction
Carbon monoxide (CO) is formed by incomplete 
combustion of fossil fuels and is ubiquitously found in 
ambient air. Adverse health effects of exposure to high 
levels of CO, such as accidental poisoning, are well 
documented.1,2 Epidemiological studies using time-series 
designs have also reported that exposure to low levels of 
ambient CO could be associated with mortality and 
morbidity.3–9 However, epidemiological evidence from 
single-city studies remains inconclusive, with significant 
associations reported for some cities such as Montreal,6 
São Paulo,7 Tokyo,10 and Seoul,11 but not for others such as 
London,12 Amsterdam,13 or Chiang Mai.14 A few multicity 
studies have been done, but they were mostly focused on a 
single region or country,3,5,8,9,15 thus limiting the general is-
ability of the reported associations. Furthermore, previous 
studies have applied different modelling choices, making 
it difficult to estimate a globally representative association 
between short-term CO exposure and mortality.
In 1971, the US Environmental Protection Agency 
established the health-based National Ambient Air 
Quality Standard (NAAQS) for the daily maximum 
8-h average CO concentration at 9 parts per million 
(ppm; approximately 10 mg/m³),16 which is equivalent to 
approximately 7 mg/m³ for the daily 24-h average CO. 
The NAAQS for CO has been retained for the past 
five decades. The same limit value (10 mg/m³ for 
maximum 8-h average) is also applied in the European 
air quality guidelines. In China, a lower limit value of 
4 mg/m³ for 24-h average CO was promulgated in the 
Chinese Ambient Air Quality Standards. In 2005, WHO 
published the latest edition of their air quality guidelines, 
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which did not include recommen dations for ambient CO. 
Since then, substantial new evidence on the adverse 
health effects of ambient CO has emerged,16 leading to an 
ongoing review and update of the WHO air quality 
guidelines to re-evaluate CO as an ambient air pollutant.17
A key issue in setting an air quality guideline for CO is 
whether a threshold exists in the CO exposure–response 
relationship below which health is not affected. Very little 
epidemiological research has examined the existence of a 
potential threshold for CO at concentrations below 
existing guidelines. A previous time-series study found 
very weak evidence for a potential threshold at 0·5 mg/m³ 
for the maximum 8-h average in the CO–mortality 
association in 19 European cities.3 Another multicity 
study in the USA reported a significantly increased risk 
in hospital admission for cardiovascular diseases for 1-h 
average ambient CO of less than 1 ppm (approximately 
1·15 mg/m³), and a linear exposure–response curve, 
indicating no evidence for a threshold.4 Two additional 
studies from China also found no evidence for a 
threshold value in the association between 24-h average 
CO and cardiovascular mortality.5,8 However, these 
findings are difficult to synthesise because of different 
CO exposure metrics, health outcomes, and modelling 
approaches.
Here, we did a global time-series analysis to assess the 
association between short-term exposure to ambient CO 
and daily mortality within the Multi-Country Multi-City 
(MCC) Collaborative Research Network,18,19 including 
data from 337 cities within 18 countries. This network 
allowed a comprehensive and standardised analytical 
approach to examine and compare the association at the 
global, regional, and country level. We also evaluated the 
shape of the exposure–response curve and examined 
potential thresholds at low levels.
Methods
Data collection
We obtained data on daily mortality, air pollution, and 
mean temperature for 344 cities across 18 countries or 
regions with available data on CO from the database of the 
MCC Collaborative Research Network, covering various 
periods ranging from 1979 to 2016. This dataset has been 
used in previous publications on the association between 
daily mortality and ambient particulate matter and ozone 
pollution.20,21 Data on daily mortality were collected from 
local health authorities in each country. Mortality was 
represented by daily counts of deaths due to non-external 
causes (International Classification of Diseases 
codes 0–799 [9th revision] or codes A00–R99 [10th revision]), 
or by all-cause deaths when data on non-external causes 
were not available. For each city, we derived daily 
24-h average concentrations of CO, PM10, nitrogen dioxide 
(NO2), and sulphur dioxide (SO2) and daily maximum 
8-h average ozone (O3) concentrations from urban and 
suburban air quality monitoring stations. In the MCC 
dataset, CO concentrations were collected using the 
24-h average metric and then harmonised using the 
mg/m³ unit, which corresponded to the metric and unit 
applied by the 2010 WHO indoor air quality guidelines.22 
We excluded seven cities that had short periods (<2 years) 
with both CO and mortality data, resulting in 337 cities 
being included in the final analysis. The geographical 
distribution of the studied cities and the corresponding 
annual mean CO concen trations in each city can be found 
in the appendix (p 26). Data collection by country is 
described in detail in the appendix (pp 2–5).
Statistical analysis
We used a two-stage analytic framework to estimate the 
association between short-term exposure to ambient CO 
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Research in context
Evidence before this study
We searched PubMed without any language restrictions for 
articles published from inception up to Dec 31, 2019, using 
the following search terms: “carbon monoxide”, “mortality” 
or “death*”, “daily”, and “short-term” or “acute.” After 
screening abstracts and full texts, our literature review 
showed that epidemiological evidence is inconsistent. As 
previous studies were mainly from single cities, regions, or 
countries, there is little generalisability of reported short-
term associations between carbon monoxide (CO) and 
mortality. Moreover, whether a potential threshold exists in 
the relationship between CO exposure and mortality remains 
unclear.
Added value of this study
To our knowledge, this is the first global study of the risk of 
mortality associated with short-term exposure to ambient CO. 
Findings indicate adverse health effects of ambient CO levels, 
even below the current air quality guidelines. This large 
multicountry study applied the same analytical method for data 
from 337 cities, thus avoiding potential publication bias. 
Significant mortality risk estimates were found at daily 
concentrations of less than 0·6 mg/m³. We also addressed the 
overall shape of the exposure–response function and found no 
evidence for a threshold value below which ambient exposure 
to CO did not affect total mortality.
Implications of all the available evidence
Our study provides evidence on the positive association of daily 
mortality with short-term exposure to ambient CO at levels 
below the current air quality guidelines. This association was 
attenuated with other traffic-related pollutants such as 
nitrogen dioxide. These findings suggest that global and 
national air quality guidelines for CO might need to be revisited 
and, in addition to single pollutant standards, policies should 
also address traffic-related air pollution mixtures.
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and daily mortality. In the first stage, we applied 
generalised additive models with a quasi-Poisson 
distribution to evaluate the city-specific associations 
between CO and mor ta lity. Consistent with previous 
studies,20,23 the following confounders were included in 
the city-specific models: (1) a cubic regression spline with 
7 df per year to control the long-term time trend and 
seasonal variations; (2) an indicator variable for day of 
the week to account for within week variations; and 
(3) two separate natural cubic splines for low and high 
temperatures, which account for different lag structures 
in heat-related and cold-related mortality while reducing 
concurvity between the two splines.23 Temperature terms 
were defined as the average temperature on the previous 
6 days (lag 1–6) for days of low temperature (ie, below the 
city-specific median value) or as the average temperature 
on the current and previous day (lag 0–1) for days of high 
temperature (ie, higher than the city-specific median 
temperature). Different lag patterns in the association 
between CO and mortality were also explored using 
single lag days from lag 0 (current day) to lag 4 (previous 
4 days) and cumulative lag days for lag 0–1 (average of the 
current and the previous day).
In the second stage, we pooled city-specific estimates 
using a random-effects multilevel meta-analytical model 
that accounts for variations in risk across two nested 
groups (cities and countries).24 We assessed hetero-
geneity using the I² statistic and Cochran’s Q test. We 
evaluated the statistical significance of the risk estimates 
across countries using a likelihood ratio test of the meta-
analytical model and another model without the nested 
group of countries. We then calculated the city-specific 
and country-specific estimates of the CO–mortality asso-
ciations using the best linear unbiased predictions 
(BLUPs) at each level (city or country) from the fitted 
random-effects meta-analytical model. BLUPs can 
borrow information from the pooled associations within 
the same hierarchical level, thus providing more 
accurate estimates than the first-stage estimates in 
locations with small daily mortality counts or short time 
series. To further explore potential effect modifications 
by economic and climatic characteristics, we fitted 
separate meta-regression models with the gross 
domestic product (GDP) per capita, latitude, and annual 
mean temperature of cities.
We also fitted two-pollutant models to adjust for 
potential confounding of co-pollutants (ie, PM10, NO2, 
SO2, and O3) with the same lag as CO. For each pair of 
pollutants, the number of cities reduced due to data 
availability. To compare with estimates from two-pollutant 
models, we calculated the estimates for CO from single-
pollutant models using the same days with both 
pollutants available within the same reduced number 
of cities, which were denoted as estimates without 
adjustment for co-pollutants.
To assess the overall shape of the association between 
CO and mortality at the global level, we estimated the 
exposure–response curve following an approach used in 
previous studies.20,25 Briefly, we applied a B-spline term 
with two knots at the average 25th and 75th percentiles of 
CO concentration distributions, which were first 
averaged across cities within a country, and then averaged 
across all countries.
To evaluate whether a threshold exists in the 
CO–mortality relationship, we did a subset analysis, as 
applied in previous studies.26,27 This approach only 
includes days that meet a certain air quality cutoff value 
in each city (ie, only days with concentrations below that 
threshold), and then varies that value. Based on the 
sample sizes and distribution of CO concentrations 
across all countries included in the study, we explored 
cutoff values ranging from 0·6 mg/m³ to 1·0 mg/m³ 
with increments of 0·2 mg/m³, and from 1·0 mg/m³ to 
4·0 mg/m³ with increments of 0·5 mg/m³. Cities with at 
least 1 year of data (365 days, not necessarily consecutive) 
with CO below the cutoff value were used in this analysis.
We did several sensitivity analyses to examine the 
robustness of the results, including using different df 
for time trend (5–10 df per year), additionally adjusting 
for relative humidity in the 230 cities with available 
humidity data, restricting the analysis to 311 cities with 
data after the year 2000, and restricting the analysis to 
315 cities with at least 3 years (1095 days, not necessarily 
consecutive) of complete time-series data, which 
excluded all cities in China and Italy. In assessing the 
overall exposure–response curve, we also placed 
different knots at the average 30th and 70th percentiles 
of CO concentration distributions. Furthermore, we 
compared the difference between using all-cause and 
non-external mortality as the outcome in 70 cities with 
both all-cause and non-external mortality data. Finally, 
we applied alternative temperature control approaches: 
(1) using alternative lag days for low and high 
temperatures (lag 1–3 for low with lag 0–1 for high, 
lag 0–5 for low with lag 0 for high, and lag 0–3 for low 
with lag 0 for high); (2) a natural cubic spline term of 
moving average temperatures (lag 0–1, lag 0–3, and 
lag 0–7) with 6 df; and (3) a distributed lag non-linear 
term using a quadratic B-spline for temperature 
with three internal knots at the tenth, 75th, and 
90th percentiles of city-specific temperature distri-
butions, and a natural cubic spline for lag with 7, 14, or 
21 days, with 3 df for the lag structure. We compared 
these lag patterns using generalised cross-validation 
scores.20
All analyses were done with R (version 3.6.0), using the 
mgcv package in the first-stage analysis and the mixmeta 
package in the second-stage analysis. Risk estimates are 
presented as percentage increases (together with 
95% CIs) of daily mortality per 1 mg/m³ increase of CO. 
To facilitate comparison with other studies and guidelines 
that used the maximum 8-h average concentration, a 
conversion factor of 2/3 was applied to convert the 
maximum 8-h average to 24-h average concentrations.16
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Results
This analysis included a total of 40 090 407 deaths in 
337 cities, covering an average period of 16 years in 
18 countries (table 1). The annual city-specific mean 
concentrations of CO in all 337 cities was less than 
2·3 mg/m³ (appendix p 26), with the highest levels in 
some cities in the USA and the lowest levels in some 
cities in the USA, Romania, Spain, the UK, and Canada. 
Only 28 cities had an average of 0·2% of days with CO 
higher than 7 mg/m³ (equivalent to NAAQS), 24 of which 
were in the USA. Country-specific summaries of the 
other air pollutants are shown in the appendix (p 9), 
alongside city-specific summary statistics (appendix 
pp 10–22). In general, CO was moderately to highly 
correlated with PM10, NO2, and SO2, but had weak and 
negative correlations with O3 and daily mean temperature. 
The mean Pearson correlation coefficients between CO 
and co-pollutants were 0·40 for PM10, 0·58 for NO2, 
0·37 for SO2, –0·16 for O3, and –0·23 for temperature. 
Country-specific correlation coefficients are summarised 
in the appendix (p 27).
The previous day’s (lag 1) exposure to ambient CO 
generated the largest risk estimate across different lag 
days (figure 1). Therefore, we used lag 1 for further 
analyses. Overall, an increase of 1 mg/m³ in CO on the 
previous day was associated with a 0·91% (95% CI 
0·32 to 1·50) increase in daily mortality in the 337 cities 
(figure 2). We observed some heterogeneity across 
country-specific and city-specific estimates (I²=41·4%; 
Cochran’s Q-test p<0·0001). The likelihood ratio test 
showed significant heterogeneity across countries 
(p<0·0001). Country-specific estimates of the percentage 
change in daily mortality, per 1 mg/m³ increase in 
CO concentration, ranged from 3·09% (2·15 to 4·04) for 
South Korea to –0·92% (–1·90 to 0·08) for Taiwan. 
Positive and significant effect estimates were also 
Cities Period Deaths CO (mg/m³) Median temperature (°C )
1st percentile Median 99th percentile
Australia 2 2000–09 279 410 0·00 0·38 (0·25–0·63) 1·88 18·1 (14·5–22·2)
Canada 24 2000–15 1 759 125 0·00 0·32 (0·23–0·48) 1·39 8·1 (0·0–15·8)
Chile 3 2004–14 282 232 0·01 0·57 (0·34–1·06) 3·49 13·4 (10·3–17·1)
China 3 2013–15 246 246 0·35 0·95 (0·73–1·24) 4·16 19·9 (11·3–25·6)
Finland 1 1994–2014 153 308 0·11 0·25 (0·19–0·35) 0·95 5·9 (0·0–13·8)
Germany 12 1993–2015 1 897 704 0·05 0·40 (0·27–0·63) 1·79 10·4 (4·7–15·8)
Italy 12 2013–15 212 494 0·14 0·57 (0·33–0·99) 2·23 16·1 (10·6–21·7)
Japan 6 1979–09 3 112 302 0·18 0·68 (0·48–0·99) 2·63 15·6 (8·1–22·3)
Portugal 2 1995–2012 559 147 0·02 0·27 (0·19–0·40) 1·09 16·3 (12·8–19·9)
Romania 7 2008–16 242 014 0·01 0·17 (0·08–0·39) 2·72 12·3 (4·9–19·8)
South Korea 7 1999–2015 1 661 559 0·27 0·61 (0·48–0·82) 1·85 15·1 (5·9–22·0)
Spain 45 2003–14 1 306 694 0·04 0·36 (0·25–0·51) 1·25 15·7 (10·4–21·2)
Sweden 1 1990–2010 194 239 0·31 0·92 (0·65–1·45) 3·48 6·7 (1·1–13·6)
Switzerland 4 1995–2013 150 003 0·20 0·50 (0·40–0·90) 2·60 11·0 (4·9–16·8)
Taiwan 3 1996–2014 1 113 099 0·26 0·70 (0·53–0·93) 1·91 25·1 (20·4–28·0)
Thailand 19 1999–2008 758 133 0·13 0·63 (0·42–0·92) 1·99 28·0 (26·5–29·2)
UK 30 1990–2016 3 543 977 0·07 0·33 (0·21–0·53) 1·71 10·6 (6·7–14·8)
USA 156 1985–2006 22 618 721 0·06 0·87 (0·56–1·32) 3·93 15·2 (7·1–22·2)
Data in parentheses are IQRs. CO=carbon monoxide.








Lag 1 Lag 2 Lag 3 Lag 4 Lag 0−1



















Figure 1: Overall percentage increase in daily mortality per 1 mg/m³ increase 
in CO at different lags in 337 cities in 18 countries
Whiskers show 95% CIs. CO=carbon monoxide.
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observed in Canada, Chile, Italy, Spain, Thailand, and 
the USA (figure 2). There was no significant effect 
modification by GDP per capita, latitude, and annual 
mean temperature of cities (appendix p 25).
When considering the pooled exposure–response curve 
of CO and mortality, no apparent threshold below which 
CO does not affect daily mortality was found (figure 3). 
The curve also suggests an association with mortality for 
levels below 1 mg/m³.
When restricting the analysis to days when 
CO concentrations were below a certain cutoff value 
(ie, subset analysis), risk estimates remained positive 
and significant, further suggesting no thresholds in the 
CO–mortality association (figure 4). When the cutoff 
value decreased from 4·0 mg/m³ to 1·5 mg/m³, risk 
estimates remained similar and consistent with the main 
analysis. For example, when restricting the analysis to 
days with CO concentrations of less than 2 mg/m³, 
a 1 mg/m³ increase in CO was associated with a 1·01% 
(0·40–1·62) increase in daily mortality. When the cutoff 
value decreased from 1·5 mg/m³ to 0·6 mg/m³, risk 
estimates, corresponding to the increased gradient in 
figure 3, increased and remained significant, although 
the 95% CIs increased due to declining sample sizes 
from 87% to 45% of days of observations.
In the two-pollutant models, the magnitude of the 
association between CO and mortality decreased and 
became non-significant after adjustment for PM10, NO2, 
and SO2, but remained similar after adjustment for O3 
(table 2). In 290 cities with both CO and NO2 data, the 
percentage change per 1 mg/m³ increase in CO con-
centration decreased significantly after adjustment for 
NO2. When comparing city-specific effect estimates for 
CO, with and without adjustment for co-pollutants, 
estimates appear to be sensitive to adjustment for NO2 
(appendix p 28). In addition, the effect estimate with 
adjustment for PM10 was 60% smaller than that without 
adjustment for PM10 (table 2).
Our results remained robust when using 5–10 df per 
year for the time trend adjustment, adjusting for relative 
humidity, when using at least 3 years of complete time-
series data, when restricting data after the year 2000, and 
when comparing all-cause with non-external mortality 
(appendix p 23). The use of alternative temperature 
control approaches did not substantially change the 
estimated effect (appendix p 24). Finally, using alternative 
knots generated a similar shape of the exposure–
response curve (appendix p 29).
Discussion
To the best of our knowledge, this research is by far the 
largest epidemiological study to investigate the asso ciation 
between ambient CO pollution and daily mortality. We 
analysed data from 337 cities in 18 countries, including 
more than 40 million deaths and covering a wide range of 
populations from different regions of the world. We found 
a significant association between short-term exposure to 
CO and daily mortality, with no evidence for a threshold 
value. This global study could provide comprehensive 
evidence on the health effects of ambient CO pollution to 
inform the adequacy of current air quality guidelines, both 
globally and regionally.
Overall, we found an increase of 0·91% (95% CI 
0·32–1·50) in total mortality per 1 mg/m³ increase in 
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Figure 3: Pooled exposure–response curve between CO (at lag 1 day) and 
daily mortality
The y-axis represents the percentage change in daily mortality at a certain 
CO concentration compared with the median concentration. The x-axis represents 
CO concentration from the first to 99th percentiles of CO concentrations across all 
cities. The shaded area represents 95% CIs. CO=carbon monoxide.
Figure 2: Overall and country-specific percentage increase in daily mortality per 1 mg/m³ increase in CO (at 
lag 1 day) in 337 cities
Whiskers show 95% CIs. CO=carbon monoxide.
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24-h average ambient CO on the previous day (lag 1). Two 
previous national time-series studies also observed the 
strongest association at lag day 1, with a slightly lower 
mortality increase of 0·40% in 82 US cities9 and 0·58% 
in 12 Canadian cities.15 For the same increase in 
CO concentration on the current and previous day 
(lag 0–1), the increase in total mortality was 1·81% 
in 19 European cities,25 which was higher than our 
estimate of 0·69% using the same CO metric.
We observed some regional differences in the CO–
mortality associations across countries. Large mortality 
risk estimates (>2% increase) were observed in 
South Korea, Spain, and Italy, whereas null or negative 
(although not significant) associations were found in 
several countries such as Sweden and Taiwan. This 
variability across countries could be due to differences in 
air pollution levels, exposure assessment accuracies, 
population susceptibility, basic health status, and sample 
sizes. Notably, most of the countries with negative central 
estimates or null associations had a small number of 
cities included—Romania (n=2), Sweden (n=1), and 
Taiwan (n=3)—with the exception of the UK (n=30). On 
the contrary, countries with a large number of cities 
generally had significant positive associations such as 
Canada (n=24), Spain (n=45), Thailand (n=19), and 
the USA (n=156). Thus, the failure to detect the 
CO–mortality associations in some countries using time-
series regressions of mortality counts might be in part due 
to small sample sizes within these countries.28 Although 
South Korea and Taiwan are geographically close to each 
other and economically comparable, we observed a 
significant positive effect in South Korea but a non-
significant negative effect in Taiwan. Previous studies 
have also reported significant CO-related total mortality in 
South Korea29,30 but not in Taiwan.31–33 We did not find that 
economic (GDP per capita) or climatic (latitude and 
annual mean temperature) characteristics significantly 
modify the CO–mortality relationship (appendix p 25), 
suggesting that the different findings in South Korea and 
Taiwan might be due to the smaller sample size in Taiwan 
or other factors. Unlike the imprecise association that we 
observed for the three Chinese cities with available data, a 
recent study using 272 Chinese cities found a significant 
association between CO at lag 0–1 and cardiovascular 
mortality.8 This discrepancy suggests that future studies 
with increased sample sizes within each country are 
warranted to explore the between-country differences in 
CO–mortality associations.
The current ambient air quality standard for maximum 
8-h average CO is 10 mg/m³ (about 7 mg/m³ for 
24-h average) in the USA and Europe, which is the same 
as the one established in 2010 by the WHO indoor air 
quality guideline.22 A more stringent guideline for 
24-h average CO (4 mg/m³) is implemented in China. In 
this study, all 337 cities had low levels of CO, with annual 
mean concentrations of less than 2·3 mg/m³ and 99th 
percentiles all less than 7 mg/m³ (appendix pp 10–17, 26). 
However, when restricting CO concentrations to less 
than 4 mg/m³, we still observed a significant association 
between short-term exposure to CO and total mortality. 
This association remained similar when CO concen-
trations were restricted to less than 4 mg/m³ down to 
less than 1·5 mg/m³, but increased when restricting 
CO concentrations to less than 1 mg/m³ down to less 
than 0·6 mg/m³. The pooled exposure–response curve 
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Figure 4: Overall percentage increase in daily mortality per 0·1 mg/m³ increase in CO (at lag 1 day) by varying 
cutoff values
Cities with at least 365 days of data with CO below the threshold were included. The number of cities (n) and the 
percentage of observation days included in each threshold analysis are shown. Whiskers show 95% CIs. CO=carbon 
monoxide.
Cities with at least 





CO only 337 0·91% 
(0·32 to 1·50)
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All models were adjusted for time trend, day of the week effect, and temperature. 
Same lag days were applied to CO and co-pollutants. CO=carbon monoxide. 
NO2=nitrogen dioxide. SO2=sulphur dioxide. O3=ozone. 
Table 2: Overall percentage increase of mortality per 1 mg/m³ increase in 
CO (at lag 1 day), with and without adjustment for co-pollutants 
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associated with daily mortality, albeit with imprecise 
estimates for concentrations less than 0·4 mg/m³. In 
accordance with our findings, previous multicity studies 
have also found weak or no evidence for a threshold in 
associations of CO with total or cardiovascular mortality 
in Europe3 and China.5,8 Our results suggest that current 
ambient air quality guidelines for CO in the USA, 
Europe, and China are not sufficient enough to protect 
public health and should be updated. Thus, reductions 
in ambient CO levels, even in cities meeting the current 
air quality guideline, could yield important health 
benefits.
Emissions of ambient CO are mainly from incomplete 
combustion of fuels from vehicles, whereas the 
contribution from natural sources is generally smaller 
(eg, 0·15 mg/m³ in the USA).16 This primary source of 
CO makes it challenging to disentangle the health effects 
of CO and other combustion-related co-pollutants. In this 
study, the CO–mortality risk estimates were attenuated 
but remained positive after adjustment for PM10 and SO2, 
although non-significant. The association was reduced to 
null after adjustment for NO2, which also results from 
traffic emissions and is widely used as a surrogate for 
traffic-related air pollution.34 Consistently, previous 
multicity studies have also found reduced mortality risk 
estimates for CO after including NO2 in the model.3,8,9,15 
This sensitivity to adjustment for NO2 might be because 
CO and NO2 share common anthropogenic sources such 
as traffic, CO and NO2 are usually moderately to highly 
correlated, and NO2 might serve as a better surrogate for 
traffic-related exposure compared with low-level concen-
trations of CO, which has decreasing relative contributions 
from traffic emissions for the past decades.16,34
Although the underlying mechanisms have not been 
fully delineated, it is biologically plausible that short-term 
exposure to low levels of ambient CO is associated with 
increased daily mortality. Epidemiological studies have 
provided evidence of a link between ambient CO exposure 
and blood markers of inflammation and coagulation, 
including increased levels of C-reactive protein, inter-
cellular adhesion molecule-1, and fibrinogen35,36 and 
decreases in prothrombin time (hypercoagulability).37 
Short-term exposure to CO pollution might also lead to 
high blood pressure among women38 and impaired lung 
function in asthmatic children, presenting as reductions 
in forced vital capacity and forced expiratory volume in 
1 s.39 Consistently, toxicological studies have reported that 
exposure to CO concentrations mimicking air pollution 
could aggravate cardiac dysfunction in rats40 and alter iron 
homoeostasis in lung epithelial cells.41
A major strength of this study is that we used an 
extensive dataset with large statistical power and applied 
a standardised analytical approach to cities across 
different countries and regions, which can provide robust 
results and avoid potential publication bias. Furthermore, 
we found no evidence of a threshold value in CO 
concentration, below which no effect occurs on daily 
mortality. The CO–mortality association persists at levels 
(<0·2 mg/m³) well below the current WHO indoor air 
quality guidelines and the outdoor guidelines in the USA, 
Europe, and China. Our findings could provide timely 
evidence for the update of the WHO and national air 
quality guidelines.
Several limitations should also be acknowledged in this 
study. First, our results cannot be interpreted as fully 
global representative estimates due to the lack of or 
insufficient coverage in Africa, the Middle East, and 
Latin America. We also note that our findings should be 
interpreted as the pooled estimates of the 337 studied 
cities; thus, our estimates are more representative of the 
urban population of the 18 included countries, not 
necessarily of the countries as a whole. Second, exposure 
measurement errors are inevitable since we only used 
fixed monitoring sites for air pollution. Although we 
cannot ascertain how well the exposure time series 
capture the real day-to-day variations, we collected the 
air pollution time-series data using multiple monitors in 
the related area of each city, following standard 
procedures of air pollution time-series analyses. Despite 
the spatial variability in ambient CO concentrations, risk 
estimates from time-series designs might not be biased 
if levels at different locations have good temporal 
correlations.16 Previous studies have observed high 
temporal correlations for air pollutants measured at 
multiple monitors within the same city or region.42,43 
Third, our country-specific estimates from BLUP might 
not fully account for sampling uncertainty in the 
presence of small data, for which estimates of random-
effects (co)variance para meters are very uncertain. 
However, this is likely to cause negligible biases in a 
large sample of cities and countries used in this analysis. 
Finally, we were unable to fully disentangle the health 
effects of ambient CO exposure from other combustion-
related air pollu tants. Thus, we cannot rule out the 
possibility that the observed associations might reflect 
the effects of traffic-related air pollution mixture. The 
question of whether CO is independently affecting 
mortality or serves as an indicator of combustion-related 
pollutants warrants further investigation.
In conclusion, this multicountry time-series analysis 
provides evidence that exposure to ambient CO, despite 
its lower levels than current air quality guidelines, might 
still pose a public health threat. We showed that short-
term exposure to ambient CO was associated with 
increased daily mortality, with no evidence for a threshold 
value. This association appeared to be independent of 
exposure to O3, but not to NO2 or PM10. Our findings 
suggest that the ongoing revision of WHO air quality 
guidelines, as well as future updates of national air 
quality guidelines in the USA, Europe, and China, should 
consider revisiting the guidelines for ambient CO.
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